Abstract-Two methods of measuring ocular torsion from digital images of the eyes were developed and tested. One method measures torsion from the translation of two landmarks using a rectilinear coordinate system. The second method measures torsion from the translation of two landmarks using a polar coordinate system. The center for the polar sampling is the center of the pupil. After thresholding and filtering the images, landmark translation is measured from the interpolated peak in the normalized cross correlation of the reference landmark with the image.
INTRODUCTION
M XEASUREMENT of ocular counterrolling-torsion of the eyes about the optic axis in response to head tilt-is valuable for understanding the physiology of the otolith organs because the ocular counterrolling response is one of the few relatively direct indications of otolith function [1] . There has been increased interest in otolith function with the advent of manned space flight since the otolith organs are believed to play an important role in motion sickness-a frequent problem in space travel [2] , [3] . There is also interest in ocular torsion elicited from semicircular canal stimulation, and in the interaction between canal and otolith function.
While good systems for measurements of horizontal and vertical rotation of the globe have been available for many years [4] , measurement of ocular torsion is more difficult to perform accurately and conveniently. Invasive methods of measuring ocular torsion involved attachment of a device or substance to the eye which can be easily tracked. Ink [5] or barium sulfide [6] have been applied to the eye, sutures have been placed in the subconjunctiva [7] , and the cornea has been tatooed [8] . The advent of hard contact lenses provided a somewhat less invasive means of providing landmarks for tracking. However, to prevent the lenses from slipping, "suction caps" were designed with a chamber which could be evacuated so that the lens would stick into the cornea. Mirrors [9] , coils [10] , and magnets [11] have been attached to the suction caps to measure torsion. Use of suction systems is not always possible since the lenses must be custom fit and the evacuation of the chamber between the lens and cornea causes corneal deformation, increased ocular pressure, possible corneal abrasions, and necessitates the use of corneal anesthetics.
Ocular torsion has been measured noninvasively by tracking natural landmarks on the eye. The peripherally located conjunctival blood vessels are not firmly fixed to globe [12] so that the best results are obtained by using landmarks located within the iris. However, identification of iral landmarks is difficult due to the similarity of the ocular features about the axis of rotation. The most effective methods have used photographic images of the eye which are analyzed by hand [13] - [15] . Torsion is calculated from the motion of two or more of these landmarks. This paper describes two similar noninvasive methods of measuring ocular torsion in man which use digital signal processing methods to analyze images of the eye. Torsion is calculated by tracking landmarks on the iris similar to the methods using human photographic interpretation. The signal processing methods are slightly more complex than those recently implemented in hardware by Hatamian [16] , [17] . The major source of error with that implementation was due to errors in locating the pupil center. Our method has the advantage that it does not require accurate identification of the center of the pupil. This paper is divided into two sections-analysis of the effect of the digital signal processing methods on the accuracy of the torsion measurement, and determination of the overall accuracy of these methods on experimental data. [18] , [19] . The Fortran was compiled with the RTl 1 Fortran compiler. The algorithms for measurement of translation and rotation are given in the Appendix.
Measurement of Landmark Translation
Using a subimage from the iral detail, several experiments were performed to measure the accuracy of the translation measurement and to identify the effects of rotation, noise, and resolution on the accuracy of the measurement of translation. Measurement of landmark translation is important since it is used in both the landmark and the sector tracking algorithms. In order to study the image processing algorithms without biological or instrumentation effects, the accuracy of the algorithms was tested on mathematically rotated and translated images.
Accuracy of the Translation Measurement: Three 64 X 64 subimages of the iral detail were extracted from a 256 X 256 image of a blue-eyed subject which was well framed about the eye. These subimages were digitally translated by 0.1, 0.2, 0.3, 0.4, and 0.5 pixels. Square landmarks which were 3 X 3, 5 X 5, 9 X 9, 17 X 17, and 33 X 33 pixels were selected from the initial image. These landmarks were then tracked using the landmark tracking algorithm on the artificially translated images. Data were obtained for the three subimages, for the five different sized regions, and for the five translations. The Table I . There is a systematic underestimation of the translation for translations from 0.1 to 0.4 pixels with the largest underestimation for 0.3 pixels. The underestimation may be due to the interpolation function which was used to produce the images with subpixel translations. The interpolation function weighs the nearest pixel more heavily than would a linear interpolation [20] .
The accuracy (standard deviation of the error) of the measurement of translation for the whole table was 0.052 pixels. This value is larger than the standard deviations at each of the offsets. Some of the variability in the data is simply due to the systematic error at each offset.
Effect of Rotation on the Accuracy of Translation Measurement: The subimages used in the translation experiment were digitally rotated by 10, 20, 30, 5°, and 100. The center of rotation and the center point for polar sampling were at a different location. Again landmarks which were 3 X 3, 5 X 5, 9 X 9, 17 X 17, and 33 X 33 were selected on the initial image. These landmarks were tracked on the artificially rotated images and the errors in the tracking method were recorded.
The means and the standard deviations of the errors in the translation measurement as a function of the angle of rotation are shown in Table II . The accuracy (standard deviations of the error) is shown graphically in Fig. 2 . Up to about a rotation of 50, the accuracy of the measurement of translation is quite good. Above that angle, there is some decrease in the accuracy. the detector noise is often Poisson distributed. Again the errors in measurement as compared to the known translations were recorded.
Poisson-distributed pseudorandom noise was produced using samples from the Fortran pseudorandom noise generator. The RT1 1 Fortran pseudorandom noise generator produces noise uniformly distributed between 0 and 1. When the mean m was less than or equal to 10, n times m samples were obtained from the uniform distribution. The number of samples less than 1/n was taken as an approximation to the Poisson distribution. For this experiment n was set equal to 10 (a true Poisson distribution is produced in the limit as n goes to infinity). When the mean value was greater than 10, the Poisson distribution was assumed to be approximately Gaussian. The Gaussian distribution was approximated by adding ten samples of the uniform distribution (multiple samples of any distribution approximate a Gaussian distribution by the central limit theorem).
The standard deviations of the errors in measuring landmark translation as a function of the amplitude of the noise added to the image are shown in Table III for the landmarks which could be successfully tracked. These data are shown graphically in Fig. 3 . There is relatively little effect of noise on the accuracy of the translation measurement for noise-to-signal ratios less than 0.25. There was a much more pronounced effect of the noise on the number of landmarks which could not be successfully tracked. Failures occurred when the noise overwhelmed the peak in the cross correlation. The failures occurred for the smaller landmark sizes. With no added noise and with a noise-to-signal amplitude ratio of 0.01 there were some failures for 3 X 3 sized landmarks, but no failures for large landmarks. For a noise-to-signal amplitude ratio of 0.10, there were no failures for landmarks larger than 9 X 9, and for a noise-to-signal amplitude ratio of 0.25, there were no failures for landmarks which were 17 X 17. Fig. 4 . There is a decrease in the measurement accuracy as the dimension decreases. Much of the iral detail is lost at resolutions less than 64 X 64 pixels. Thus, there should probably be at least 64 X 64 pixels over the iris.
Measurement of Image Rotation
Algorithms: The two algorithms used for measurement of rotation are described in the Appendix. The landmark tracking algorithm measures the rotation by tracking two operator selected iral landmarks. From the distance between the landmarks and the translation of the landmarks, the rotation of the eye with respect to a reference image can be calculated. The second algorithm, the sector tracking algorithm, is similar to the landmark tracking algorithm except that the two landmarks are sampled on a polar coordinate system. The center the measurements on the artificially rotated image are best for defining the accuracy of the digital signal processing method; however, to evaluate physiologic and instrumentation effects, these methods were also tested on experimental images. Three sets of images were analyzed in order to determine the experimental precision. Two sets were from experiments on blue-eyed subjects and one set was from a brown-eyed subject. Although the blue-eyed subjects had much more iral detail, the brown-eyed subject did have some landmarks which could be identified by visual inspection. One set of data from one of the blue-eyed subjects was digitized with a high-quality laser image digitizer (Autokon, ECRM, Bedford, MA). The two other sets of data were digitized with a lower resolution video system (Matrox UFG-01, URGB-256).
For each set of images, one image was used as the reference image, and the other images were used as the test images. The rotation of the globe was calculated using several landmarks and several sectors for each of the test images. The square root of the mean-square error of the various measures was calculated as a measure of the precision of the rotation measurement. Table VII shows the square root of the mean-square error for the measurement of rotation between the various images of the three experiments. These data show the precision of the rotation calculation for real images. For the best quality data the precision of the measurement was about 0.10. This precision is considerably worse than the accuracy of measurement of the data for the digitally rotated images.
For the high-quality images, there was relatively little difficulty picking landmarks which would result in successful landmark tracking. For the lower quality images, several of the landmarks which were selected could not be tracked. Failures were readily identified by a large change in the distance between the landmarks on the reference and the test images. As The results of the digital method are compared to the human photographic interpretation in Fig. 5 . Two-eye data are particularly demanding since without using very large sampling matrices, the. resolution over the eye (64 X 64) results in considerable loss of the iral detail. Even with these difficulties, it was possible to track ocular torsion.
DISCUSSION
Since both the landmark and sector tracking algorithms rely on the ability to measure landmark translation from a reference to a test image, factors affecting landmark tracking were examined in some detail. There are three data processing operations which can be used to improve the tracking-thresholding, selecting the landmark, and filtering. Thresholding the image so that the intensity values are spread out over the details of interest increases the energy of the landmarks with respect to the energy of the surrounding data. Therefore, the peak of the cross-correlation function increases with respect to the side lobes.
Selecting a prominent, distinctive landmark without artifacts such as light reflex is important for the tracking. We left the selection of the location of the landmark to the operator. Since the landmarks only need to be selected once on the reference image, the work of selecting the landmarks is not great. However, it is possible that an algorithm could be developed which would select the landmarks automatically.
Filtering is used. to select the frequency components which are most prominent in the landmark. Iral detail has a consid-' erable amount of high-frequency content as compared to the rest of a typical eye image. Therefore, amplifying the high frequencies by filtering the image tends to increase the power in the iral detail as compared to the background. Filtering, as does thresholding, increases the peak as compared to the sidelobes. In addition, since the typical eye images have less power at high frequencies, amplifying the high frequencies tends to narrow the peak of the cross-correlation function.
The precision-of the measurement on experimental images was found to be good. For the high-quality images the precision of the rotation measurement was 0.130. This precision is comparable to the precision of the best methods of measuring ocular torsion from photographs [13] , [15] , [211. The accuracy of measuring torsion on artificially rotated images is, however, considerably better, about 0.030. One explanation of why the precision of the measurement of the experimental images is less than the accuracy of measuring artificially rotated images is that there may be changes in the relation of the positions of the landmarks. The iral landmarks are due to the muscles in the iris. These muscles change position when the pupil dilates and constticts. There is ahvays some small amplitude dilitation and constriction of the pupil, and there may be movement of these landmarks from image to image independent of dilitation or constriction. This explanation would also account for the similarity between the precision of the human photographic interpretation method of measuring rotation and the digital signal processing method of measuring rotation. Many experiments require a range for the torsion measurement of about ±100. When comparing the digital methods of tracking iral landmarks to the human photographic interpretation method of tracking iral landmarks, the digital methods seem to be at least as accurate when they can be successfully applied. The digital methods do, however, have more difficulty with identiflcation of landmarks, especially when the landmarks are obscured by artifacts. Human photographic interpretation is less troubled by overlying artifacts such as light reflections since the human interpreter is able to use much more contextual information to separate the landmark from the overlying artifact.
Since the'purpose of this investigation was to develop algorithms for tracking torsion, the image processing was carried out on a relatively slow general purpose computer. A more powerful computer or an array processor would be required for practical implementation of these algorithms. Image processing systems of the required power are becoming available at moderate cost. Real-time implementation of image analysis algorithms of slightly less complexity has been reported by Hatamian [16], [17] using special purpose hardware. Thus, practical application of these digital signal processing methods to measurement of ocular torsion should be possible in the near future.
APPENDIX DIGITAL SIGNAL PROCESSING ALGORITHMS
More details on the digital signal processing algorithms can be found in [22] . In remotely sensed imagery, such as LAND-SAT imagery, it is common to measure both the translation and rotation of images as a first step in the registration of images which have been acquired with different sensors or which have been acquired at different times [23] - [25] . The rotation measurement is generally performed by measuring translations of two or more landmarks. Measuring the rotation from the translation of two landmarks assumes that the rotated landmarks can be identified. Since the rotation of the images is often of relatively small angle, tracking the landmarks is relatively easy.
In this paper, two slightly different rotation measurement algorithms were used. The first algorithm, which will be called "landmark tracking," is similar to the rotation measurement algorithms used for remotely sensed images. Rotation is calculated from the distance between the landmarks and the translation of the landmarks. The second algorithm, which will be called "sector tracking," performs the same operation of tracking two landmarks, but the tracking is performed on a polar coordinate system instead'of on a rectilinear coordinate system. Use of the polar coordinate system improves the performance on images with a large relative rotation.
METHODS COMMON TO BOTH ALGORITHMS Landmark Selection
Landmarks with a considerable amount of detail were selected from the images by the computer operator. Landmarks which had overlying artifacts such as light reflexes were avoided (Fig. 1) . Generally, the best performance was obtained from landmarks which were most distinctive to the operator. Two landmarks were selected on opposite sides of the pupils.
Landmark selection amounts to windowing or masking the reference image. The best window for use with measurement of translation has been studied by Mostafavi [26] , [27] . For a landmark with an autocorrelation function which is a delta function, a heuristic rule is that the window should be large enough so that the rotation between the reference and test images results in one pixel offset across the size of the window.
Interpolation
To measure the accuracy of the technique for measuring translation, it was necessary to digitally translate the images by subpixel amounts. To measure the accuracy of the rotation measurement, it was necessary to digitally rotate the images. Both rotation and subpixel translation require that the image data be resampled from the original coordinate points to a new set of coordinate points. A cubic spline interpolating function defined over the four nearest points was used in this paper [20] , [28] The images were digitally filtered prior to measurement of translation with a filter which increased the high frequencies in order to produce a sharper peak in the autocorrelation function [22] . The filter function which was used was a second difference of a Gaussian with a zero crossing at 1 pixel distance. This function removes the dc component of the image and enhances the higher frequency components. It attenuates the highest frequency components, those components which are present only in the diagonal directions.
Measurement ofLandmark Translation
Measurement of a translation of an object from two images of the object is often performed by comparing the two images at different offsets using a similarity measure. The similarity measure is compared at different relative' translations and the true translation is taken to be the point at which the two images are most-similar. The most commonly used similarity detection algorithm is the normalized cross correlation.
Cross correlation is a well-known operation-the integral of the product of one function times the conjugate of an Offset version of the second function. The cross correlation of the landmark fi, with the test image fi, is given by
where the star indicates the conjugation operation. Rf1 f2 is defined only for those points where the landmark and the test image completely overlap.
The magnitude of the unnormalized cross correlation is not a good measure of similarity between images because it is dependent upon the energy of those portions of the image which are included in the cross correlation [23] . The energy of an image is defined in the usual fashion e = sumi,j (f(i, j) f*(i, j)).
If the portion of the image from which the subimage is taken does not have the greatest energy in the image, then the noise in the cross-correlation function at other positions may produce a greater value of Rf1f2 than the value at the true matched position. 33 In order to overcome this problem, the cross-correlation function is normalized for the energy Rff (i, Ri2 (' )(ef ef2)1/2.
The normalized cross correlation will have a value from -1 to 1, where a value of 1 implies the images are identical up to a scale factor. The normalized cross correlation has been used for image registration by a large number of authors (for example, [23] , [29] -[321).
The number of operations to calculate the normalized cross correlation increases on the order of the square of the number of pixels. In order to improve this performance, the cross-correlation operation is often implemented with the fast Fourier transform (FFT) algorithm [29] .
where FT is the Fourier transform operation and FT-' is the inverse Fourier transform operation. An efficient method of calculating the energy for the different offsets is to correlate a mask of the landmark m with the square of the magnitude of the image. The mask m has a value equal to one inside the landmark and zero outside the landmark.
The Fourier transform implemented with the Fourier transform algorithm will increase with image size only as N log N (where N'is the number of pixels in the image).
Rotation Calculation
The data needed to calculate the rotation of the two images are the translation of two landmarks (1 and 2) from the reference image a to the test image b and the distance between the centers of the two landmarks. If point a is translated to the origin, then point b rotates about a. This rotation can be expressed in terms of the new coordinates (xl,yl) = (xlb -xla,ylb -yla) (x2, y2) = (x2b -x2a, y2b -y2a). The angle of rotation is given by theta arctan (x *y2-x2 * yl)/(x *x2 + yl *y2).
ROTATION MEASUREMENT ALGORITHMS Landmark Tracking
The iral detail in the eye images can often be made more prominent by a nonlinear thresholding operation where all values'above the upper threshold are set to the maximum. Each of the landmarks is extracted from the reference image into a subpicture which is at least large enough to' hold it. The subpicture must have dimensions which are a power of 2 greater than or equal to 64. A subpicture which is located in the same position is then extracted from the test image. Because the use of the subpictures limits the cross-correlation search area, processing time is reduced. Limiting the search assumes that the images are roughly aligned; however, since the eye is usually near the center of the image, this restriction is not very severe.
A mask image of ones and zeros corresponding to the landmark is produced. The center of mass of this image is used as the location of the landmark. The region of interest from the reference image is then cross correlated with the subpicture from the test image using a normalized cross correlation. The peak of the cross-correlation function is used as a measure of the translation of the landmark between the two images. The peak is calculated with a parabolic interpolation so that subpixel translations can be measured. The parabolic interpolation was chosen as the simplest function which would provide subpixel values for the peak.
Sector 7racking
The operator needs to identify the approximate centers of the pupils and the landmarks which are to be tracked. Two new pictures are created by polar sampling of the' reference and the test image from the center of the pupil. The horizontal dimension of the output file and the starting and ending angle determine the angular resolution. The vertical -dimens'ion of the output file and the starting and ending radius determine the radial resolution. The resolution in the anguilar direction of the inner arcs is greater than the outer arcs. The resampling is typically done at the resolution of the raw images at the center of the sampled region. These radially sampled images are then two dimensionally cross correlated. The translation between these two matrices in the horizontal direction corresponds to the angular direction and provides a measure of the rotation of the sampled region between the two images. The translation between these matrices in the vertical direction corresponds to the radial direction and is a measure of the accuracy with which the center has been calculated.
The cross correlation of the two images is dependent on the accuracy of the location of the pupil center in the radial direction. If the two regions are badly misaligned with respect to the radial direction, the samples of the same area will be sampled at different resolutions and the arcs will have a different curvature. Thus, the distance 'over which similar portions of the two images can be made to line up will be reduced. Errors in the pupil center corresponding to the tangential direction will also distort the arcs so that they will correspond over a shorter distance. If the translation between reference and test image were not factored out (see below), errors in the tangent direction would translate directly into error in the measurement of rotation.
Errors in locating the center of rotation have been a major problem with implementation of the sector tracking method [16] , [17] . In order to decrease the sensitivity to the center position, the positions of the two landmarks were calculated from the average radius and the average angle of the regions. With the positions of the two' resampled regions and the offsets from the reference to the test image of these region, the same calculation which is used above in the landmark tracking method was used to calculate the rotation.
The advantages of using this calculation are that the errors more nearly cancel and that the angle' between the two regions need not be 1800. Furthermore innervation zones, they detect potentials propagating in a given direction with a given velocity, that is, the muscle fiber conduction velocity. Then, the detected signals are attenuated by a filter, which results from the electrode configuration and has nulls at frequencies determined by the electrode spacing and the conduction velocity [1] . However, if the innervation zone is positioned between the two contacts of bipolar electrode, MUAP's propagate in opposite directions under the contacts. In this case, the effective electrode spacing (d'), which determines the characteristics of the filter, decreases from the actual spacing (d) to d' = d -2r, where r is the distance between the innervation zone and the nearer one of the contacts [2] . In the extreme case, if the innervation zone confined to a small region is located just at the middle length of the electrode pair, each contact receives at any instant identical potential values because of the symmetry in the potential propagation and the effective electrode spacing d' becomes zero, because 2r = d. Consequently, nothing may be detected as a myoelectric signal. In fact, from the middle length of the biceps brachii Masuda et al. [3] have recorded a signal which had an extremely smaller amplitude (about one-fourth in the peak-to-peak amplitude) compared to the signals simultaneously obtained from other recording sites. However, most investigators in EMG studies, including the spectral analysis studies, have paid little attention to the position of the innervation zones.
Also, in the measurement of muscle fiber conduction velocity, the electrode position is crucial for the accurate and reliable recording of myoelectric signals. Several investigators have measured the conduction velocity using surface electrodes [11, [4] - [6] . However, they determined the electrode position based on an anatomical knowledge or on the motor point location found by the electrical stimulation technique [6] .
General anatomical data do not describe the difference in individual subjects and, moreover, a relative position of the muscle and the skin may change depending on the bending angle of 0018-9294/85/0100-0036$01.00 © 1985 IEEE 36
